B. fungorum DBT1, a PAH degrader soil strain, was tested as inoculum in hybrid poplar. The role of DBT1 strain in phytoremediation of PAH polluted substrate was evaluated. Colonies of B. fungorum DBT1 were obtained from root samples of infected plants. Infection with DBT1 strain provide protection against PAHs in term of roots dry weight. Infected poplars were more efficient in PAH removal than non-inoculated plants (up 99%). 
Introduction
Polycyclic aromatic hydrocarbons (PAHs) represent a wide class of organic compounds that are ubiquitous in natural habitats. They can originate from both natural and anthropogenic sources. These latter chiefly consist of petroleum and diesel spills, combustion of fossil fuels, releases from many chemical processes and even tobacco smoke (Cerniglia, 1984) . Also, natural processes include forest fires and volcano eruptions (Blumer, 1976) . PAH concentration in soil has been estimated in the range from 1 lg kg À1 to 300 g kg
À1
, depending on the origin of contamination (Kanaly and Harayama, 2000) . The toxic effects of these molecules on human and animal health include, in addition to possible acute poisoning, even mutagenic and/or carcinogenic activity (Goldman et al., 2001 ). Since PAHs behave as recalcitrant compounds and tend to bio-accumulate, the contamination due to these molecules is of increasing concern. PAHs can be removed from the environment by relying on conventional physico-chemical methods or through bioremediation procedures including phytoremediation (Muratova et al., 2008) . This is a technology that uses plants to recover soils contaminated by organic compounds and metals (Gerhardt et al., 2009; Wu et al., 2010) . Poplar is a plant largely used in phytoremediation of PAHs (Widdowson et al., 2005) . The key attributes of poplar as suitable plant species for remediation are: fast growth, tolerance to organic toxicants and a large variety of contaminants that it can uptake from the soil (Dietz and Schnoor, 2001) . Recently, many studies have been focusing on microbe-assisted phytoremediation, where the presence of endophytic microorganisms enhances the remediation efficiency of both annual (Germaine et al., 2009; Soleimani et al., 2010) and perennial plants, such as poplar (Taghavi et al., 2005; Barac et al., 2009) .
Burkholderia fungorum DBT1 is a bacterial strain isolated from a wastewater drain of an oil refinery located near Leghorn (Tuscany, Italy) . This microbe was first characterized for its capacity of degrading several hydrocarbons such as dibenzothiophene, phenanthrene, fluorene and naphthalene by using them as sole source of carbon and energy. Additionally B. fungorum DBT1 evidenced some plant growth promoting (PGP) traits, namely 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase production and phosphate solubilization. The dbt genes, originally identified for the degradation of dibenzothiophene in B. fungorum DBT1, are harbored in two separate operons and show low similarity to both nah-like and phn-like genes (Di Gregorio et al., 2004; Andreolli et al., 2011) . Thus, B. fungorum DBT1, with its versatile metabolism, may represent a microorganism exploitable for bioremediation of contaminated sites. Beside, numerous reports described species belonging to the Burkholderia genus as natural plant endophytes of eucalyptus (Procópio et al., 2009 ) and hybrid poplar (Doty et al., 2009 ). In particular, B. fungorum has been recently found as the most frequent endophytic species in hybrid poplar (Yrjälä et al., 2010) .
On the basis of this information, B. fungorum DBT1, although never identified before as an endophytic strain, was tested as inoculum in hybrid poplar (Populus deltoides Â Populus nigra) to evaluate possible effects on phytoremediation efficiency when compared to uninoculated plants. Thus, the present study aimed at: (i) investigating the B. fungorum DBT1 capability to infect hybrid poplar, (ii) evaluating the effects of DBT1 strain on the growth of poplar plants, and (iii) verifying the contribution of this strain on the phytoremediation efficiency of a PAH-contaminated growth substrate. A mixture of sand and peat was used for the cultivation of poplar cuttings as described in Yrjälä et al. (2010) . Significantly, this substrate allowed poplar roots to be easily drawn for analysis and also guaranteed a higher bioavailability of PAHs during the tests in comparison to humus rich soil (Weissenfels et al., 1992; Tervahauta et al., 2009) . The singularity related to the use of B. fungorum DBT1 deals mainly with the origin of this bacterial strain which neither comes from rhizospheric soil nor derives from internal tissues of poplar trees, but rather represents an isolate from a wastewater drainage at an oil refinery plant. Furthermore, by possessing particular degradative capacities towards a broad spectrum of polycyclic aromatic hydrocarbons B. fungorum DBT1 is more adaptable to the contamination by different PAHs.
Materials and methods
2.1. Bacterial strain and plant material B. fungorum DBT1 was originally isolated from a drain collecting oil refinery wastewater within an industrial area in Leghorn (Tuscany, Italy) (Di Gregorio et al., 2004) . Cuttings (20 cm long, about 1.0 cm in diameter) of hybrid poplar (P. deltoides Â P. nigra) were used throughout the study.
Chemicals
Dibenzothiophene, naphthalene, fluorene and phenanthrene were purchased from Sigma-Aldrich (Milan, Italy). All the compounds were analytical grade. They were dissolved in toluene (Carlo Erba Reagents) before any treatment.
Bacterial inoculation of poplar cuttings
Poplar cuttings were placed in water for 3 wk in order to induce root formation. B. fungorum DBT1 was grown in Yeast Mannitol Broth (in g L À1 ) (YMB; 0.5 K 2 HPO 4 , 0.1 MgSO 4 Á7H 2 O, 0.1 NaCl, 0.4 yeast extract, 10 mannitol) at 27°C, in a rotary shaker (200 rpm), for 48 h until the stationary phase was reached. Afterwards, cells were collected by centrifugation (4500g for 15 min at 4°C) and washed twice in physiological saline solution (NaCl 0.9% w/v). The inoculant solution was prepared by suspending bacterial cells in 1250 mL of half-strength sterile Hoagland's solution (Hoagland and Arnon, 1950) and 250 mL of YMB medium. This suspension showed a final OD 600 nm $ 1 (BioPhotometer, Eppendorf), approximately corresponding to 10 8 cells mL
À1
. Cell concentration was confirmed by means of CFU counts in YMA (YMB added to 1.5% bacteriological agar) on Petri dishes. Thereafter, rooted poplar cuttings were immerged in the inoculant solution for 72 h. Uninoculated plants were placed in an identical solution free of bacterial cells for the same incubation time. After inoculation, B. fungorum DBT1 density in root tissues was quantified in the range of 1.4-5.7 Â 10 5 through CFU counts.
Experimental design and conditions
Poplar cuttings were planted in pots filled with 5 kg of non-sterile sand-peat substrate (75% sand and 25% peat). Both inoculated and uninoculated plants were then placed under greenhouse conditions (max temperature: 24°C d/18°C night; lighting cycle: 12 h light/12 h dark) for 15 d, with watering every 3 d. After a stabilization span, substrate in pots was amended every week with dibenzothiophene, phenanthrene, fluorene and naphthalene (135 mg each). The mixture of these four PAHs was dissolved in toluene. Afterwards, sonication at a low frequency sound wave (350-450 W) was applied for 2-3 min to disperse 2 mL of this solution in 100 mL distilled water before addition to each pot. At the end of 18-wk treatment, the PAHs totally added to the substrate were equivalent to 488 mg kg À1 for each compound. The amounts of PAHs were consistent with previous investigations dealing with phytoremediation and endophytes analysis in poplar plants (Mueller and Shann, 2006; Yrjälä et al., 2010) . Control experiments with no PAHs were also arranged by adding only 100 mL dispersion of toluene in water/pot. Furthermore, one set of unplanted pots treated with an identical amount of PAHs added to sets with cuttings was considered as blank. All experiments were carried out in five-fold replicate.
Recovery and identification of inoculated bacteria
Plants were harvested at the end of the cultivation trial in order to check for the presence of B. fungorum DBT1. Leaves, stems and roots were treated separately. Initially the colonization was determined by molecular analyses, eventually confirmed through CFU counts.
2.5.1. DNA extraction and PCR amplification 500 mg of leaves, stems and roots were accurately cleaned from sand-peat substrate and washed in distilled water. The surface was then disinfected for 10 min with 1% of active chlorine supplied as NaOCl (w/v) and one drop of Tween 20 (Merck) every 100 mL of solution. Then, the poplar tissues were rinsed 3 times for 5 min with sterile physiological solution. In order to verify the efficacy of this disinfection protocol, 100 lL of physiological solution from the third rinse was plated on agarized YMA medium. DNA was extracted from the surface-disinfected plants materials and rhizosphere by using the FastDNA SPIN for Soil Kit (MP, Biomedicals) according to the manufacturer's instructions. The presence of bac-terial DNA was examined by PCR amplification using fD1-rP2 primers (Weisburg et al., 1991) . Afterwards, possible infection by B. fungorum DBT1 was ascertained by means of a second PCR analysis on the p51 genetic fragment previously identified in this strain (Di Gregorio et al., 2004) . Partial segment sequence of p51 operon was amplified with the p12-p13 primer pair (Di Gregorio et al., 2004) by applying the following PCR conditions: 94°C for 5 min, then 30 cycles of 94°C for 1 min, 68°C for 1 min, 72°C for 1 min and 30 s, with a final extension step at 72°C for 5 min. DNA directly extracted from a B. fungorum DBT1 culture was used as positive control.
Plate counts of B. fungorum DBT1
Plant tissues were cut in sterile condition and macerated in physiological solution by means of a drill (Black & Decker) with a modified bit and finally vortexed for 30 min. Thereafter, samples were serially diluted and plated in YMA. Dibenzothiophene were supplied as vapor on Petri dish covers. The plates were incubated for 3 d at 27°C. The presence of B. fungorum DBT1 was revealed due to its peculiar phenotypic trait consisting in turning to orange-red the growth medium added with dibenzothiophene. (Andreolli et al., 2011) . Sequencing of the 16S rRNA gene using the fD1-rP2 primer couple was performed as a confirmatory identification test of the strain DBT1 (Weisburg et al., 1991) . Sequence identity was determined by using BLASTN database (Altschul et al., 1997) .
Analysis of plant growth
Before addition of PAHs to the sand-peat substrate, total plant biomass (M 0 ) and length of the main stem (L 0 ) of cuttings were measured. Identical quantifications were done at the end of the 18-wk treatments for both final plant biomass (M 1 ) and stem length (L 1 ). Growth indexes were therefore calculated as (M 1 À M 0 )/M 0 and (L 1 À L 0 )/L 0 ratios. Furthermore, at the end of the experiment, both epigeous (stems and leaves) and hypogenous tissues (roots) were dried in a stove at 60°C for a month and finally weighted separately.
Quantification of PAHs in sand-peat growth substrate
Samples of sand-peat mixture to be analyzed were prepared by the quartering procedure performed as follows: 5 kg of mixture from each pot were divided into quarters and each quarter was mixed individually. Two quarters were then mixed to form halves. The two halves were mixed to form a homogenous matrix. This procedure was repeated twice until the sample was adequately mixed. From each homogenized sample, 1 kg was used for PAH quantification.
Determination of naphthalene, dibenzothiophene, fluorene and phenanthrene were carried out by Dolomiti Energia Laboratories (Trento, Italy) using the microwave extraction procedure as well as the GC-MS analysis suggested by the US-EPA (US-EPA Method 3546 and Method 8270D, 2007).
Statistical analysis
Statistical treatment of the data was through the variance procedure (one-way ANOVA). The difference between specific pairs of mean was evidenced by using the Tukey's test (P < 0.05).
Results

Checking of bacterial inocula in poplar tissues and rhizosphere
The presence of bacterial DNA and dbt genotype was checked to evaluate the persistence of B. fungorum DBT1 either in plant tissues or in the rhizosphere. At first, an amplicon of the expected size was obtained from all samples tested through PCR with the primer set for the 16S rRNA gene, therefore demonstrating an efficient extraction of bacterial DNA (data not shown). As regards the PCR assay carried out with a primer set specific for the dbt genotype, positive results were obtained with DNA from either PAH treated or untreated root samples of infected plants. On the other hand, no amplification was achieved with DNA from (i) leaves and stems of infected poplar, (ii) leaves, stems and roots of non-infected plants, and (iii) rhizosphere (data not shown). Moreover, according to the plate-counting assay, the presence of B. fungorum DBT1 in root tissues of inoculated poplar was in the range of 2.9 Â 10 3 -9.5 Â 10 3 CFU g À1 on a fresh weight basis. No significant differences in bacterial concentration were found between PAH treated and untreated roots.
Thus, in order to confirm B. fungorum DBT1 identity, five randomly picked red colonies for each plate were considered for 16S rDNA amplification and sequencing. The further BLASTN analysis proved a 100% sequence identity to B. fungorum DBT1. Cultivable endophytes different from DBT1 were also found in infected plants.
Plant growth analysis
Growth parameters of poplar plants measured after 18 wk of growth without (control) or with PAHs in the growth substrate as well as in the absence and in the presence of the bacterial inoculum are reported in Fig. 1 . As can be seen, PAH amendment exerted negative effects on uninoculated plants in term of both biomass production and stem length. In fact, a decrease of about 65% (P < 0.01), 54% (P < 0.05) and 60% (P < 0.01) was measured in the biomass growth index, stem length index and root dry weight respectively, in PAH treated plants comparing with the untreated ones. On the other hand, although the infection with B. fungorum DBT1 caused a strong decrease of the biomass growth index (<70%; P < 0.01) and above-ground dry weight (<25%; P < 0.05) in plants grown without PAHs respect to the non-inoculated ones, DBT1 infected poplars showed root dry weight value higher than that obtained for uninoculated plants (>32%, P < 0.01), once grown in the presence of PAHs. Nevertheless, both the biomass growth index and the stem length index seemed not to be greatly affected by DBT1 inoculum in poplars grown on contaminated substrate when compared with non-inoculated plants. Fig. 2 shows the concentrations of naphtalene, phenanthrene, fluorene and dibenzothiophene at the end of the pot experiment. Regarding naphthalene, it was present in very low concentrations, ranging from 0.01 to 0.26 mg kg À1 substrate in the different pot sets. Due to the quite limited concentrations of PAHs in the substrate, no remarkable variation in naphthalene abatement was observed among the different trials. On the other hand, the unplanted control substrate contained 23 ± 2.6 of phenanthrene, 28 ± 4.6 of fluorene, and 51 ± 14 mg kg À1 of dibenzothiophene. In planted sand-peat substrate, 3.1 ± 0.9, 4.9 ± 1.6, and 6.9 ± 1.4 mg kg À1 of phenanthrene, fluorene and dibenzothiophene, respectively, were measured. Therefore, the presence of poplar plants increased the removal of these compounds, ranging from 82% to 87% (P < 0.01), if compared to control pots. Furthermore, the infection with B. fungorum DBT1 exerted a significant effect in PAH removal from the substrate. The final amount of PAHs detected in inoculated-planted sand-peat substrate was 0.27 ± 0.02 of phenanthrene, 0.23 ± 0.05 of fluorene and 0.34 ± 0.08 mg kg À1 of dibenzothiophene. Thus, the association between poplar plants and B. fungorum DBT1 removed up to 99% of the total amount of PAHs amended (P < 0.05).
PAH degradation in sand-peat growth substrate
Discussion
The relationships between plants and their associated microorganisms are different and complex. Rhizospheric bacteria refer to bacteria living on the surface or around the roots, in contrast to epiphytic bacteria living on the leaves (Berg and Smalla, 2009 ). On the other hand, endophytic bacteria can be defined as bacteria colonizing the internal tissues of plants without causing negative effects on their host (Schulz and Boyle, 2006) . In the last decade, endophytic microorganisms have been taken into account for applications in assisted phytoremediation protocols. In fact, several studies have focused on the use of constructed plant-associated bacteria (Taghavi et al., 2005; Germaine et al., 2009 ). On the other hand, catabolic genes and plant growth promoting mechanisms occurring in natural endophytic bacteria are also used for bioremediation purposes (Germaine et al., 2006) .
This study demonstrates that a bacterial isolate, originally identified for its PAH degrading capacity, namely B. fungorum DBT1, can infect the roots of poplar and improve the phytoremediation efficiency of PAHs. Germaine et al. (2009) already reported the infection of nonendophytic, naphthalene-degrader strain Pseudomonas putida G7 in pea plant. However, the authors reported a weak phytoprotection effect of this inoculum towards plants exposed to naphthalene. This slight effect was due to the low root colonization of G7 strain (about 10 1 CFU g
À1
). Conversely, in the present study B. fungorum DBT1 was shown to be capable of reaching a large population size both in PAH treated and untreated poplar roots, higher than that observed in the case of P. putida G7. This cells count value was similar to those reported in previous studies in which inoculation of endophytic strains had been carried out (Germaine et al., 2009 ). The addition of PAHs to the growth substrate did not promote a selective pressure on B. fungorum DBT1 in poplar roots. Germaine et al. (2006) reported that the most remarkable variations of bacterial density after addition of 2,4-dichlorophenoxyacetic acid (2,4-D) occurred in stems, leaves, and rizhosphere where the concentration of inoculated bacteria raised with increasing doses of 2,4-D. In roots, the population dynamics showed a similar trend with discrepancy at the highest concentrations of 2,4-D, characterized by a drop in bacterial cell density. Thus, cell concentration of bacterial inocula in the roots and PAH concentration in the growth substrate may not have a direct correlation. Moreover, in this study, cells of the bacterial inocula were recovered 18 wk after plant infection procedure. This significantly longer time in comparison with that adopted in previous investigations (Barac et al., 2004; Germaine et al., 2006 Germaine et al., , 2009 along with the slow diachronic decreasing of contamination in the growth substrate might be assumed as responsible for the establishment of a bacterial population equilibrium and the regression of selective pressure by the added PAHs.
Besides, the presence of B. fungorum DBT1 in the poplar roots influenced plant growth. Poplar plants grown in the control sand-peat substrate were negatively affected by the bacterial inoculum in terms of biomass index and dry weight of the epigeous portions. Nevertheless, no disease symptoms such as chlorotic or hanging leaves were observed although infected poplar plants appeared thinner and frailer. In fact, at high cell density, endophytic bacteria with faint PGP traits may rather reveal some pathogeniclike attributes. Current evidences exist that several endophytes, originally selected for beneficial effects due either to their PGP traits or to the suppression of plant pathogens, may in some cases detrimentally affect the same host plants by depressing growth (Oliveira et al., 2002; Kremer, 2006) . On the other hand, inoculation with B. fungorum DBT1 did not cause any negative effect on plant grown in the contaminated substrate, and provided protection against the toxic effects of PAHs compared with control plants in terms of roots dry weight. This result is consistent with both the ability of B. fungorum DBT1 to develop a large population size within the roots and its PAH-transforming versatility. Thus, even if the presence of this strain did not display any positive affects under ordinary condition (control), it appeared to slightly protect the host plants against the toxic effect of PAHs in spiked substrate.
The presence of the PAHs in the sand-peat mixture caused a drastic reduction of, respectively, the plant biomass (about 65%), the main stem growth index (54%) and the root dry biomass (60%), when compared with the controls. On the other hand, no significant effect was observed in above-ground dry biomass. Several studies were performed in order to investigate the effects of selected PAHs on plants. Thygesen and Trapp (2002) showed no apparent differences between plants growth in control soil and in PAH-contaminated soil. However, in the latter work soils were taken from sludge basin, gas works site and asphalt work, stored and then used. In this condition, important processes can affect the bioavailability and consequentially the phytotoxicity of organic compounds (e.g. aging, soil adsorption) (Scelza et al., 2010) . On the other hand, as the present work showed, when the growth substrate was spiked with single or mixed PAHs the biomass production of roots and leaves/stems dropped significantly (Tervahauta et al., 2009) .
At the end of the experiment, sand-peat substrate samples were taken and the residual PAHs were measured. In the unplanted control substrate the concentration of PAHs was reduced from 9-to 20-fold for compounds with three aromatic rings and almost completely for naphthalene. The main reasons for low concentrations of naphthalene and the reduced amount of phenanthrene, fluorene and dibenzothiophene in control pots could be photo-oxidation and degradation by autochthonous microorganisms (Wong and Bidleman, 2011) . Moreover, hydrocarbons such as low-weightmolecular PAHs are volatile and perhaps they were inevitably removed by spontaneous volatilization (Su and Zhu, 2008) . Uninoculated poplars were able to increase the PAH removal compared with unplanted control pot. The drop of PAH concentration may be ascribed to the secretion of root exudates, which possibly support the growth and metabolic activities of PAH-degrading rhizospheric bacteria (Johnson et al., 2005; Leigh et al., 2006) . Further studies indicate that PAHs with three or four aromatic rings can be taken up and stored by plant roots (Wild et al., 2005; Zhang and Zhu, 2009 ) especially within poplar plants (Brentner et al., 2010) . For instance, Kacálková and Tlustoš (2011) reported concentrations of naphthalene and phenanthrene up to 0.04-0.06 mg kg À1 dry biomass respectively. On the other hand, B. fungorum DBT1 infection demonstrated to trigger removal of PAHs from the growth substrate differently from uninoculated plants. Absence of strain B. fungorum DBT1 in the rhizosphere implies that this strain contribution to PAH removal from the growth substrate occurred within the root tissue. Thus, in this case, the strain DBT1 may detoxify PAHs directly in planta, although few evidences are available on bacterial mineralization of PAHs with three -four aromatic rings in these conditions (Phillips et al., 2008) . Nevertheless several studies demonstrated that bacterial endophytes can improve biodegradation by reducing evapotranspiration of volatile organic compounds as well as through a reduction of the amount of contaminants in the growth substrate (Taghavi et al., 2005; Germaine et al., 2006 Germaine et al., , 2009 . Inter-estingly, Siciliano et al. (2001) showed that catabolic genotypes harbored by endophytic bacteria are strictly associated to the soil contamination. This finding suggests that bacterial endophytes may have a role in mineralizing organic contaminants. Likewise, B. fungorum DBT1 can degrade PAHs inside the roots and therefore reduce their concentration in these plant organs. Finally, the uptake of organic compounds by plant roots can be described as a passive and diffusive process (Collins et al., 2006) with few exceptions of active uptake (Zhan et al., 2012) . Consequently, the progressive depletion of contaminant in root tissues may promote new uptake from the growth substrate. Meanwhile, detoxification of PAHs in poplar roots by the strain DBT1 stimulates growth of these organs in terms of biomass. Eventually, the treatment with microbial inocula exerted a protection effect on the root system, improving root surface as well as uptake and production of exudates which greatly stimulated phytoremediation efficiency in both rhizosphere and plant tissues. Root growth improvement in plants inoculated with PGP bacterial strains capable of degrading toxic organic compounds was also observed by Remans and coworkers (Remans et al., 2012) in Arabidopsis thaliana treated with 2,4-Di-nitro-toluene (2,4-DNT). Interestingly the authors cited a plant-associated Burkholderia sp. strain able to transform in vitro 2,4-DNT and displaying a high ACC-deaminase activity. Inoculation of this bacterial strain resulted in a 150% increase of main root length in comparison with the non-inoculated exposed control (Remans et al., 2012) .
It is however important to emphasize that -to the best of the information available to the authors -data have not been published so far in the literature concerning exploitation of bacterial endophytes in phytoremediation of soils contaminated with PAH mixtures including phenanthrene, dibenzothiophene and fluorene. On the other hand information is available about the use of fungal endophytes in phytoremediation at a site contaminated by crude oil. In this case, species of herbaceous plants inoculated with such endophytes showed an increase in the abatement of PAHs up to 80% compared to 56% removal obtained with the same non-inoculated plants (Soleimani et al., 2010) .
In summary, even if the presence of plants and autochthonous bacteria were the major causative factor of PAH dissipation (82-87%), poplar plants inoculated with B. fungorum DBT1 were much more efficient in PAH removal (up to 99%) than the uninoculated ones. This work demonstrated that a bacterial strain with suitable metabolic features, although originally isolated from a quite different environmental niche, might potentially be exploited as an inoculum in plants to improve phytoremediation of PAH polluted matrices. It is therefore possible to consider the present study as the first detailed description of an investigation focusing on the inoculation of a bacterial endophytic strain in poplar plants to increase the phytoremediation efficiency toward PAHs such as phenanthrene, dibenzothiophene, and fluorene.
